With the discovery of the Higgs boson the Standard Model has become a complete and comprehensive theory, which has been verified with unparalleled precision and in principle might be valid at all scales. However, several reasons remain why we firmly believe that there should be physics beyond the Standard Model. Experiments such as the LHC, new B factories, and earth-and space-based astro-particle experiments provide us with unique opportunities to discover a coherent framework for many of the long-standing puzzles of our field. Here we explore several significant interconnections between the physics of the Higgs boson, the physics of flavour, and the experimental clues we have about dark matter.
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It is interesting to explore the various interconnections between the physics of the Higgs boson, the physics of flavour, and the experimental clues we have about dark matter. All of these fields are at the boundary of the Standard Model, and many connections between them exist. With the discovery of the Higgs boson the Standard Model has become a complete and comprehensive theory, which has been verified with unparalleled precision and in principle might be valid at all scales. However, several reasons remain why we firmly believe that there should be physics beyond the Standard Model. Observational facts, such as the strong evidence for existence of dark matter and dark energy, neutrino masses and the cosmic matter-antimatter asymmetry are not explained by the Standard Model. Also, we are lacking a compelling theory of flavour, which can explain the striking patterns and hierarchies seen in the spectrum of fermion masses and mixings. The possibility of a unification of the fundamental forces (including gravity) is still to be proved or disproved. In low-energy Supersymmetry, new particles near the TeV scale are required for a successful unification of the gauge coupling constants. A possible signature of unification at a scale around 10 16 GeV would be proton decay mediated by new heavy particles. When the Standard Model comes in touch with much more massive particles related to a new energy scale, the gauge hierarchy problem becomes a twofold puzzle. We are not only concerned with the origin of scales M GUT or M Planck much larger than the electroweak scale, but also 1 
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with the stabilization of the Higgs mass near the weak scale at any order in perturbation theory. A crucial question in this context in that about the fundamental mechanism behind electroweak symmetry breaking. Precision measurements of the properties of the discovered Higgs boson, including its couplings to the gauge bosons and fermions of the Standard Model, may open a portal to discover some physics beyond the Standard Model, and it is not unlikely that this new physics might be connected to the dark sector of the Universe.
Indeed, many research themes exploring the physics beyond the Standard Model are related to several aspects within a global approach, involving electroweak symmetry breaking, flavour phenomena and dark matter. Trivial examples are the connections between dark matter and electroweak symmetry breaking given by the possibility of the existence of weekly interacting massive particles (WIMPs) or by searches for dark matter at colliders. Experiments such as the LHC, new B factories, and earth-and space-based astro-particle experiments provide us with unique opportunities to discover a coherent framework for many of the long-standing puzzles of our field. Hopefully, some signatures of new physics will be identified in the coming years, and it will then be important to delineate the ensuing implications. Here, some of these interdisciplinary aspects will be examined.
SUSY PROSPECTS FOR THE NEXT LHC RUN AND DARK MATTERN

Introduction 2
After the discovery of a light scalar of ∼ 125 GeV with all the right features to represent the Higgs boson of the Standard Model (SM), the central open issue related to the electroweak symmetry breaking remains its naturalness. Namely, is such 125 GeV scalar mass resulting from a purely accidental and extremely precise tuning of parameters at the far ultraviolet scale (maybe, the grand unification scale or the Planck scale) or is it the fruit of some yet unknown dynamics active at the electroweak (ELW) scale?
If we take the latter road, namely we invoke some dynamics to stabilise the ELW symmetry breaking scale, then quite a few options have been widely scrutinised in the literature: supersymmetry (SUSY), compositeness for the Higgs boson, extra-dimensions, quantum gravity at the ELW scale are some of the natural solutions that attracted most attention. Undoubtedly, SUSY, or, more precisely, low-energy SUSY sticks out among them as that which succeeded to produce complete particle model extensions of the SM to be tested in high-energy and high-intensity facilities.
Such plus of low-energy SUSY has proven to become along the years also its major drawback. The failure of many experiments conducted at several facilities worldwide, in particular those at LEP and LHC at CERN, to, directly or indirectly, reveal the presence of SUSY partner particles has severely undermined the initial enthusiasm surrounding SUSY at the solution of the gauge hierarchy problem at its start in the 80s.
Indeed, already at the end of the LEP activity, and even more with the advent of LHC, it has become clear that some level of tuning of the parameters (i.e.. of unnaturalness) has to be inherently present in any kind of natural dynamics stabilising the Higgs mass at the O(100 GeV) scale. The reason is quite simple: barring very specific (and contrived) constructions one can generally expect that in order to stabilise the Higgs mass at O (100 GeV) the new dynamics should be produced by particles and, in general, new physics beyond the SM (BSM) present at that energy scale. However, all the searches for such O(100 GeV) new physics have been so far unsuccessful both in flavour experiments (in particular those concerning GIM-suppressed flavour changing neutral current and CP violating process) and in high-energy searches.
As we said above, low-energy SUSY extensions of the SM were particularly suitable to be tested by all such experiments looking for deviations from the SM physics given the fact that they could give rise to concrete, complete physics models. Roughly speaking, after the first run of the LHC (at 7 and 8 TeV), one should conclude that coloured SUSY particles should be heavier than 1 TeV, whilst for SUSY particles with only electroweak interactions the bound remains in the hundreds of GeV range. Though, important caveats exist: the most remarkable one, concerns the scalar partner of the top quark, the stop, which could still be much lighter that 1 TeV in very peculiar realizations of the SUSY particle spectrum.
The value of the Higgs mass which was experimentally found contributed to add to the above mentioned tension between a dynamical explanation of the ELW scale and the request of having a natural way of achieving its stabilisation. Indeed, in the minimal SUSY extension of the SM, the MSSM (Minimal Supersymmetric Standard Model), where the minimal number of superfields strictly needed to supersymmetrise the SM is introduced, the lightest scalar boson (corresponding to the Higgs SM) is predicted to have a mass of the order of that of the Z boson at the tree level, i.e. before taking into account the radiative correction. The value of 125 GeV can be obtained for the lightest scalar in the MSSM only in a very restricted area of the SUSY parameters (indeed, about 135 GeV is the maximum possible value which can be obtained exploring the entire huge parameter space of the MSSM).
Still remaining inside the "minimality" of the SUSY version of the SM, there is ample freedom in constructing the specific SUSY model. Indeed, the class of SUSY models respecting such "minimality" criterion, the MSSM have O(100) free parameters. A reasonable restriction on such enormous parameter space is i) to go from O (100) to O(10) parameters regulating the relevant masses and mixings of the SUSY particle spectrum and ii) impose that the values of such free parameters lead to the construction of phenomenologically viable models. These phenomenologically allowed MSSM (denoted by pMSSM) couple minimality with more freedom than in the constrained MSSM. The pMSSM will be discussed in what follows.
Adding rather drastic assumptions (for instance, universality of the gaugino and sfermion masses) to the minimality of the MSSM, one can construct new versions of the MSSM with a much smaller number of free parameters . For instance, the so-called Constrained MSSM (CMSSM) or the minimal SUGRA model, have only 4 or 5 free parameters. The value of the Higgs mass of 125 GeV, combined with all the other existing constraints, makes it even more difficult to construct phenomenologically viable very constrained versions of the MSSM. Even the MSSM can still survive, but at the price of going to a very restrictive corner of the SUSY parameter space. The critical point in minimal SUSY extensions of the SM where the Higgs scalar sector is represented by two isodoublet Higgs superfields is the absence of quartic scalar terms with a free parameter, i.e. the analogue of the λ H 4 term of the SM Higgs potential.
Thats why great interest has arisen about non-minimal SUSY extensions of the SM where it is possible to have such quartic terms. The most studied class of such nonminimal MSSM adds to the above two Higgs superfield doublets also a singlet scalar N. Coupling N to the mentioned two Higgs doublets can yield the quartic Higgs term allowing for a larger SUSY Higgs mass at tree level. Section 2.2 will discuss the phenomenology of such a non-minimal SUSY model. Interestingly enough, such a model can more easily pass all the usual high-nergy and high-intensity tests. The severe constraints that have to be applied on the SUSY parameter space of the minimal case can now be relaxed; the price to pay is some degree of further complication of the model with the introduction of a new singlet superfield whose presence is not dictated by the mere request of supersymmetrizing the SM.
The main reason motivating the introduction of lowenergy SUSY in the phenomenological arena at the beginning of the 80s was the search for a dynamics ensuring an ultraviolet cutoff at the ELW scale for the SM. Soon after the construction of the first low-energy SUSY realizations, it was realized that the presence of the SM SUSY partners at the ELW scale was entailing two consequences of utmost relevance: grand unification, i.e. a common value of the electroweak and strong gauge coupling constants, was successfully achieved and an interesting candidate for cold dark matter (CDM) was emerging from the SUSY particle spectrum. Indeed, such two relevant implications of low-energy SUSY turn out to be somewhat linked one to the other. Asking for the super-symmetrization of the SM encounters a major block: the presence of ELW scale SUSY particles naturally yields a unbearably fast proton decay. To ensure baryon number conservation an additional discrete symmetry has to be imposed, the so-called R parity, distinguishing ordinary particles from their superpartners. Then, proton decay proceeds through the exchange of super-heavy SUSY particles present at the above mentioned grand unification scale and a sufficiently long proton lifetime can be enforced. But the presence of R yields another major consequence: the lightest SUSY particle cannot decay and if it is neutral and interacts only weakly, it can represent a Weakly Interacting Massive Particle (WIMP), an interesting candidate of CDM.
In Section 2.3 we consider the particularly interesting case where such SUSY WIMP is represented by the lightest neutral SUSY fermion, the so-called lightest neutralino.
Such a DM candidate can be searched for in three different ways: direct searches through the recoil of target nuclei hit by the cosmic neutralino, indirect searches through the study of products (mainly gamma rays, antiparticles and neutrinos) of neutralino annihilation and its production in collisions at the LHC. The combination of the important new bounds coming from these search roads with the constraints on the SUSY parameter space from SUSY particle searches in the first 7 and 8 TeV LHC run is providing a new interesting picture of the DM SUSY issue.
The next subsections offer an insight on where we stand on the issue of low-energy SUSY, in particular after the 8 TeV LHC run. They show that the possibility of coping with the gauge hierarchy problem through the dynamics of a low-energy SUSY extension of the SM is still well alive, although we are likely to be forced to give up the simplest SUSY model constructions of the last three decades. The newly started run of LHC at 13-14 TeV will be able to shed precious light on the existence of SUSY at the ELW scale. As shown in this Section, if not finding the much sought for SUSY particles, at least such new LHC run, together with the relentless (direct and indirect) searches for dark matter, are going to very strongly define the space of phenomenologically viable low-energy SUSY models.
Supersymmetry and naturalness
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If one firm conclusion can be drawn examining the outcome of LHC-I, it is that our concept of naturalness is becoming more and more at odds with experiments. Although no firm theorem about naturalness and fine tuning can be stated, the physical implications of the problem can be clearly stated: whenever an elementary 1 Contributing author: Enrico Bertuzzo scalar is present in a theory, radiative corrections tend to push its mass to values only a loop factor below the theory's cut off (provided the scalar interacts with particles living at the cutoff). It is then clear that light scalars imply either a low cut off, or the need of precise cancellations between the different contributions entering in the determination of the physical scalar mass. The more precise these cancellations, the more the theory is tuned. With the Higgs boson discovery the SM is now complete and self consistent. The problem however persists, since we can expect gravity to play a role at very short distances of order the Plank mass: what is then keeping the Higgs boson mass at 126 GeV, i.e. 16 orders of magnitude smaller than the Plank scale?
A possible solution is to make the SM supersymmetric: the unification of scalars and fermions in a unique symmetry multiplet allows to reduce the mass sensitivity to the cut off. In this way, the scalar mass can be much lighter than the cut off itself. The immediate drawback is that no unbroken SUSY multiplet has been observed in nature, signaling that SUSY must be broken. SUSY breaking reintroduces the problem back: the scalar mass is now quadratically sensitive to the scale of SUSY breaking. The hope now is that such a scale can be low enough to avoid the fine tuning problem.
Since no SUSY partners have been observed at the LHC, however, the conclusion that can be drawn is rather firm: in the minimal SUSY extension of the SM (MSSM), a fine tuning parameter of at least Σ v 100 is needed [1] (see Eq. 4 below for the definition of Σ v ) in order to accommodate for m h = 126 GeV. The MSSM is thus tuned at best at the percent level. Of course it may well be that this is the level at which nature is tuned; on the other hand, such a large level of tuning can be seen as a motivation to seek for more natural SUSY extensions of the SM. As we are going to see, one of the general prices to pay is minimality (in the sense of particle content and/or symmetry structure).
In what follows, we will discuss two conceptually different frameworks (without any attempt at completeness): the well known case of the NMSSM (based mainly on [2] ), in which the fine tuning is improved raising the Higgs boson mass at tree level, and SUSY models with Dirac Gauginos (based on [3] ), in which instead the fine tuning is ameliorated via additional loop contributions to the Higgs boson mass.
Framework 1: NMSSM
By definition, the NMSSM is obtained from the MSSM by adding a chiral singlet S to the particle content. Among the many supersymmetric interactions that can be written between S and the Higgs doublet, we will focus on the case in which all the superfields are charged under a Z 3 symmetry. In this so called "scale invariant" S have been traded for the vevs v u , v d and v S using the minimum equations, and the vevs are kept fixed since the associated tuning on v is already taken into account in Σ v .
In the computation of the fine tuning, the 1-loop Coleman-Weinberg (CW) potential is used, with renormalization scale fixed at m sof t = √ m Q3 m u3 in order to make the approximation more scale independent. The RGEs taking into account the running from Λ mess down to m sof t are solved in the leading log approximation; however, since the λ and k couplings run quickly, in their case the full numerical solution is used. To make evident that the parameters entering in the CW potential (and hence the minimum conditions) are computed at m sof t , with Λ mess feeding through the RG equations, we can rewrite Eq. 4 using explicitly the chain rule:
Considering that by construction the two measures of fine tuning are independent, we choose to quantify the total tuning with the product
We present in Fig. 1 the dependence of the separate measures Σ v and Σ h on λ. All the points shown satisfy the following phenomenological requirements (see [2] for details):
• All the LHC measurements on
with the exception of the R γγ data;
• limits on the decays of heavier CP even scalars;
• latest SUSY searches at LHC8;
• electroweak precision measurements;
• flavour constraints (mass differences in the B system, charged and neutral B decays);
• (considering an LSP neutralino) not overclosure of DM density (WMAP7) and direct detection limits.
As can be seen, large values of λ are preferred by Σ v but are disfavored by Σ h . This can be understood as follows: large values of λ help to reduce the derivative dv 2 /dm 2 Hu (m sof t ) appearing in Eq. 5, reducing in this way the sensitivity to radiative corrections. On the other hand, large values of λ increase too much the tree level mass of the Higgs-like scalar, so that a tuning among parameters is needed to obtain the correct mass mixing to bring it down to 125 GeV.
2 Putting all together, the neat result is that the minimum amount of tuning is obtained for λ 1 and a low cutoff scale, Λ mess = 20 TeV (see Fig. 1, lower panel) . In particular, we can see that Σ tot 10, 20, 40 for Λ mess = 20, 100, 1000 TeV, respectively.
The consequences of the previous results on the "most natural" sparticle spectrum that we can expect at the
Hu (the quantity feeding into Eq. 5, upper panel), Σ h (middle panel) and of the combined tuning ΣvΣ h (lower panel) on λ. The black, orange and yellow points correspond to Λmess = 20, 100, 1000 TeV, respectively. The green, blue and red points correspond, for fixed Λmess = 20 TeV, to a combined tuning Σtot better than 5%, between 1% and 5% and worse than 1%, respectively. [2] LHC is summarized in Fig. 2 for different values of the combined tuning.
As expected, when we insist on naturalness many particles are expected to be below the TeV (usually independently on tuning), even in the colored sector. Notice however that, unlike what happens in the MSSM, the lightest stop can have a mass slightly above 1 TeV without a significant detriment in the tuning, and the same The green, blue and red points correspond to a combined tuning better than 5%, between 1% and 5% and worse than 1%, respectively. [2] is essentially true also for the gluino.
As expected, for small total tuning the colored sector tends to be generically lighter, although there are also light colored particles in the more tuned region.
Framework 2: Dirac Gauginos and R-symmetry
We turn now to a different extension of the MSSM, in which additional matter is added to obtain Dirac instead of Majorana Gaugino masses.
The mechanism behind the improved naturalness is twofold: Dirac gaugino masses are generated through supersoft operators, which give only finite contributions to scalar masses [5] . In particular, the gluino contribution to the Higgs mass is less important than in the MSSM case, relaxing the naturalness bound. Moreover, the additional particle content needed to build Dirac gaugino masses can give sizable loop contribution to the Higgs boson mass, diminishing in this way the sensitivity to the individual contribution.
It must be stressed, however, that scalar masses for the adjoint scalars are not supersoft. Indeed, they contribute at the two loop level to the RGEs of the sfermion masses [6, 7] . In particular, there are regions in the parameter space in which the squark masses become tachyonic, breaking charge and color. In addition, the masses of the CP-odd scalars may become tachyonic already at tree level, triggering again charge and/or color breaking. In what follows, we will always restrict to regions in parameter space in which this is not the case.
Models with Dirac gauginos are also interesting from a purely phenomenological point of view: first of all, squark pair production is suppressed at the LHC due to the absence of Majorana mass insertions, softening the experimental limits [8] . Moreover, Dirac gaugino masses are compatible with a global U (1) R symmetry, which would be otherwise broken by the Majorana mass. The R-symmetry can be used as an alternative to R-parity to forbid operators leading to proton decay [9, 10] , but has far richer consequences. Indeed, the absence of A-terms, µ term and Majorana gaugino masses has a beneficial effect on the SUSY flavour problem [11] . A peculiar aspect of R-symmetric models is the Higgs sector particle content. Various possibilities are summarized in Table 1 . In particular, to avoid spontaneous Rsymmetry breaking, the scalars charged under U (1) R are all assumed to be inert, while the active doublets (singlets under U (1) R ) take part in electroweak symmetry breaking. Let us notice that in this framework it is possible to have a combination of sneutrinos playing the role of H 0 d [12] 3 , and it is even possible to eliminate completely any Higgs boson from the spectrum, with only the sneutrinos taking part in EWSB [14] .
Let us now consider in detail the case of the Supersymmetric One Higgs Doublet Model (SOHDM) [15] . As noted in [3] , this is also representative of the large tan β limit of the models presented in [11, 12] . The superpotential is given by
where S and T are the adjoint superfields associated with U (1) Y and SU (2) L , respectively. Let us recall that we will assume R 0 d = 0 in order to avoid spontaneous U (1) R breaking. The main features of the scalar spectrum are summarized in the following:
• any NMSSM-like tree-level enhancement is forbidden by the R-symmetry, so that as in the MSSM the mass of the Higgs-like scalar is given by
• once all the neutral fields get a vev (including the singlet and the neutral triplet), there is a non vanishing mixing between the Higgs-like boson and the additional states, so that the lightest eigenvalue has a mass which is lowered by eigenvalue repulsion. An approximate expression, valid in the limit in 3 In this framework also neutrino masses can be accommodated. [13] which all the Dirac masses are smaller than the scalar adjoint masses, is given by
where m At the loop level, the relevant contributions are given by:
• Stop contributions, as in the MSSM [16] :
with M a common stop mass scale;
• Adjoint scalars and fermions contributions. The complete expression can be simplified in two limiting cases, according to the hierarchy between the Dirac mass scale M D and the scalar adjoint mass scale m adj :
Some comments are now in order. First of all, in the region in which the additional contributions are comparable to the stop one, |λ T | |λ S | 1, we expect the last contribution (m adj M D region) to be negative. The hierarchy M D m adj is thus preferred to increase the Higgs boson quartic. Moreover, in the stop case there is an important negative two loop contribution proportional to α 3 , which reduces the effectiveness of the stop contribution. On the contrary, we do not expect the two loop contribution in the singlet and triplet case to be so important (since they are not proportional to α 3 ), making more efficient the boost to the Higgs quartic.
There is however a potential drawback: λ T and λ S break custodial symmetry, so that we need to worry about potentially large contribution to Electroweak Precision Measurements (EWPM) for |λ T | |λ S | 1. We included this constraint in our analysis.
The results of the full contributions to the ColemanWeinberg potential are presented in while the red region is the one allowed at 95% C.L. by electroweak precision data.
Let us comment on two counterintuitive features of the results: to achieve the correct Higgs mass with less tuning, heavier stops and heavier Higgsinos are needed. This can be understood as follows: for the upper (black) curves, the lightness of the stops is such that the main boost to the Higgs quartic comes from the adjoint and inert fields. On the contrary, for the lower (green) curves the stop boost to the Higgs quartic gives a contribution comparable to those of the adjoint scalars. However, as shown in [3] , there is no worsening in the tuning for m
. In addition, the "collective" quartic enhancement in the lower curves allows for smaller soft SUSY breaking masses, implying less tuning. Turning to the µ parameter, we stress that compatibility with EWPM for lighter Higgsinos require heavier gauginos (i.e. larger M D ). Considering that from the shape of the Higgs mass curves in Fig. 3 it is clear that this requires heavier scalars to get m h = 125 GeV, a worsening in the tuning is expected. This is indeed the case: for µ = 300 GeV compatibility between m h = 125 GeV and EWPM is achieved for m adj 800 − 1100 GeV (for mt = m adj or 300 GeV, respectively), i.e. when the sensitivity is still dominated by µ. On the contrary, for µ = 200 GeV the scalar masses are pushed up to m adj 1500 − 1900 GeV (again for mt = m adj or 300 GeV, respectively), in a region in which the soft SUSY breaking masses dominate the tuning.
Supersymmetric dark matter
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The lightest neutralino in the MSSM constitutes a prototype candidate for cold dark matter, provided R-parity is conserved. Here we review the constraints on neutralino dark matter from different sectors, namely flavour physics, Higgs and SUSY LHC searches and dark matter detection experiments.
Dark Matter observables
Dark matter searches can be divided into four different categories.
First, cosmological observations lead to the determination of the average dark matter density. This density can then be compared to the neutralino relic density, which is computed assuming the supersymmetric particles have been initially in thermal equilibrium, then annihilated and coannihilated with other supersymmetric particles until the freeze-out period, leaving only the stable neutralino to constitute dark matter. Hence, the relic density observable is sensitive to the annihilation of the lightest neutralinos as well as the coannihilation of the other light supersymmetric particles to SM particles. The relic density calculation is also sensitive to the properties of the Universe close to the time of freeze-out, which is generally considered to be radiation-dominated. The comparison with the dark matter density relies on the fact that the cosmological dark matter is composed of one single component. Alternative cosmological scenarios could however strongly alter the computed relic density [17] [18] [19] [20] [21] [22] [23] .
Second, dark matter is clustered in halos around galaxies, and the solar system is travelling across the Milky Way halo. Since dark matter particles interact very weakly with matter, they generally cross through matter without interaction, but it is still possible that dark matter particles scatter with nuclear partons inside atoms. This is the principle of direct detection experiments, which aim to measure the recoil energy deposited by the interaction of neutralinos with nuclei of a gas or crystal, in order to reconstruct the scattering cross section of dark matter with protons and neutrons. The main uncertainty for this observable comes from the local density and velocity of dark matter close to the Earth.
Third, dark matter particles can annihilate into SM particles, which can modify the flux of photons, positrons/electrons, proton/anti-protons, etc., measured around Earth. The dark matter indirect detection experiments probe the cosmic ray fluxes, and detect deviation generated by dark matter annihilation. The clearest dark matter signal would be a definite line in the gamma ray spectra. Here the two main sources of uncertainty in addition to the astrophysical backgrounds are the density of dark matter in the annihilation region, and the propagation of the charged particles.
Finally, LHC can also probe the dark matter sector, through direct pair production of neutralinos. However, such processes would be completely invisible at the detectors. A hard single jet emitted by initial state particles can be used as a marker of the production of a pair of neutralinos, resulting in monojet signatures.
Nature of the neutralino
The neutralino can be a pure state of bino, wino or higgsino, or a mixed state, leading to diverse properties.
A pure bino neutralino has its couplings to the Z and Higgs bosons suppressed. For this reason, it would be very difficult to detect it in direct and indirect detection experiments, as well as at the LHC. Moreover, because of the low annihilation rate, the relic density is expected to be too large. Therefore, to retrieve the observed dark matter density, another slightly heavier supersymmetric particle, such as a stau or a squark is required, that can coannihilate with the neutralino, in order to increase the effective (co-)annihilation rate.
A pure wino or higgsino has also couplings to the Z and Higgs bosons suppressed, to a lesser extent, leading to difficult direct and indirect detections. Concerning the relic density however, a pure wino is accompanied with a chargino, and a pure higgsino with a second neutralino and a chargino. For this reason, even if the other supersymmetric particles are much heavier, the correct amount of relic density can be achieved naturally for a wino of ∼2.3 TeV, or a higgsino of ∼1.2 TeV (see Fig. 4 ).
For mixed state neutralinos, the couplings to the Z and Higgs bosons can be large, leading to large scattering or annihilation cross sections, making a direct or indirect detection more likely. In addition, the correct dark matter relic density can be achieved even in absence of coannihilations. These scenarios however are becoming severely constrained by the direct detection experiments. Fig. 4 shows the distribution of the relic density for the different types of neutralinos. The relic density is expected to be close to the observed cold DM density, Ωh 2 ∼ 0.11 [24, 25] . In general, the relic density increases with the neutralino mass. For a pure bino, the relic density is often too large, and only coannihilations can help reaching the right DM density. For higgsino and wino states on the contrary, the relic density is too small for light neutralinos, because of the coannihilation with the associated chargino or neutralino. For mixed states, the correct relic density can be obtained for any neutralino mass.
Constraints on the MSSM parameters
In the following, we consider the phenomenological MSSM with 19 parameters, which is the most general MSSM model with R-parity and CP conservation, and Minimal Flavour Violation at the weak scale [26] . This model is flexible enough to allow for general studies of most of the MSSM neutralino dark matter scenarios, in particular because M 1 , M 2 and µ, the bino, wino and higgsino mass terms respectively, are independent, contrary to the usual constrained scenarios. The effect of CPviolation in the pMSSM has been recently studied in [27] . Because of the large number of parameters only a com- bination of experimental analyses from different sectors can lead to strong constraints. In particular, we consider limits from flavour physics, Higgs physics, dark matter searches and LHC supersymmetric particle searches. In the following, the pMSSM parameters are varied in the ranges given in Table 2 , following the methodology of [28, 29] to impose constraints from the above-mentioned sectors.
Flavour physics observables, such as rare decays, can impose stringent constraints. In particular, LHCb and CMS have observed for the first time the decay B s → µ + µ − [31, 32] . This observable is particularly sensitive to tan β and the mass of the CP-odd Higgs, M A [33] . Complementary information can also be obtained from the branching fraction of b → sγ and the angular observables of B → K * µ + µ − , which are very sensitive to tan β and the chargino and stop masses [30] . Imposing flavour constraints restricts tan β to smaller values, and the CP-odd Higgs and stop masses to larger values. This is illustrated in Fig. 5 , where the pMSSM points are projected on the (M A , tan β) (upper panel) and (Mt 1 , M A ) parameter planes. We see that the region with tan β > 40 and M A < 600 GeV is strongly constrained, and the CPodd Higgs and lightest stop masses cannot be simultaneously large, irrespectively of tan β. In addition, since charginos are involved in these flavour decays at looplevel, constraints on the M 2 , µ and tan β parameters can be deduced, leading to indirect constraints on the DM sector.
The discovery of a Higgs boson at the LHC provides also very strong constraints on the MSSM. The lightest CP-even Higgs boson is generally considered as the dis- The black dots show the accepted pMSSM points, those in dark (light) green the points compatible with the observed mass and rate constraints at 90% (68%) C.L. [35] . covered state. Its mass is given at the one loop level by
and X t = A t − µ cot β is the mixing parameter in the stop sector. The requirement of M h ∼ 125 GeV imposes very strong constraints on the pMSSM parameter space. In Fig. 6 , the distribution of the predicted Higgs mass is presented as a function of X t /M S . To reach large M h values, a large M S , i.e. large stop mass, can be necessary. This condition can be slightly relaxed in the case of maximal mixing where |X t | ≈ √ 6M S . In addition to the mass, the measured Higgs couplings provide further constraints. In Fig. 7 , the constraints from the Higgs couplings on the stop and sbottom sectors are presented. As can be seen, a large X t is favoured, and The contours show the limits corresponding to 95% or more of the points excluded. The 90% C.L. constraint from the Higgs signal strengths is also shown in the dotted green line. The grey region has no accepted pMSSM points after the BR(Bs → µ + µ − ), DM direct searches and Higgs mass constraints [36] .
stop masses as light as 350 GeV can still be allowed. For the sbottoms, no specific mixing is favoured.
Searches for heavier Higgs states also impose strong constraints on the SUSY parameter space. In Fig. 8 , we analyse the constraints from heavy Higgs searches on the pMSSM parameter points, in absence of flavour and dark matter constraints. We show that the constraints from the decay channels H → τ τ , ZZ, bb disfavour the region at large tan β and small M A . This region is also probed by the flavour observables and in particular BR(B s → µ + µ − ), and as we will see later by DM direct detection results.
Direct searches for supersymmetry at the LHC set the strongest bounds on the mass of the supersymmetric particles. However, since the LHC is a hadron collider, the strong sector of the MSSM, i.e. the squark and gluino sector, is more deeply probed, and the electroweak sector, which is more correlated to DM, is less constrained. At the LHC, the main SUSY channels are searches with jets or leptons plus missing energy in the final states. However, if the mass splitting of the lightest neutralino with the searched supersymmetric particle is small, these searches lose their power, since most of the jets would become soft. From the point of view of the detectors, a DM particle is an invisible object which will leave no energy, leading to missing transverse energy or momentum. When neutralinos are produced, it would be possible to know that the process effectively occurs if an additional single hard jet is produced, leading to a so-called monojet signature. Nevertheless the production cross section of two neutralinos and one hard jet is very small. Yet, in case of production of a gluino or squark pair plus a FIG. 9: Fraction of pMSSM points excluded by the combination of the LHC jets/leptons+MET, monojet analyses and direct DM searches in the (Mq,g, Mχ) parameter plane. The lines give the parameter region where 68% of the pMSSM points are excluded by the jets/leptons+MET searches alone (grey line), the combination with monojet searches (yellow line) and also with the direct DM LUX experiment (white line) [37] .
jet, if the squarks and gluinos decay into soft jets, such a process would appear as a monojet [37, 38] . This generally happens when the mass splitting between the squark or gluino and the lightest neutralino is small. For this reason, monojet searches are complementary to the direct searches. In Fig. 9 , the constraining power of the direct and monojet searches is demonstrated. Depending on the lightest neutralino mass, the masses of the squarks and gluinos can be probed up to 1500 GeV by the combination of the SUSY and monojet searches for light neutralinos of 100 GeV, while this value can be reduced to less than 800 GeV for heavier neutralinos.
Finally, dark matter experiments can also impose very strong constraints on the MSSM. Due to the large uncertainties in the dark matter densities and in the propagation of cosmic rays, we do not consider here DM indirect detection results. Imposing the dark matter density constraints leads to different conclusions on the nature of the neutralino, as seen in Fig. 4 . The dark matter direct detection experiments further constrain the MSSM. The XENON-100 [40] and LUX [41] collaborations currently provide the most constraining limits on the neutralinonucleon spin-independent scattering cross sections. This scattering cross section is sensitive in particular to M A and tan β, providing constraints complementary to the BR(B s → µ + µ − ) and H → τ + τ − . This is illustrated in Fig. 10 . The additional constraint from LUX data on the pMSSM is also superimposed in Fig. 9 , with the white line. In Fig. 11 , the XENON-100 and LUX limits are shown in the neutralino-nucleon scattering cross section vs. neutralino mass plane. We see that a sub- stantial fraction of the pMSSM points is excluded by the LUX limits. Yet, many points with much smaller scattering cross sections remain, corresponding to the pure bino neutralinos, which have suppressed couplings to the Z and Higgs bosons, leading to reduced cross sections. In the future, the sensitivity of direct detection will improve by large factors, as shown in Fig. 12 . Even at the neutrino background limit, there remains still a pMSSM region compatible with the direct detection constraints. , σχp) parameter plane. The XENON-100 and LUX are providing the current best limits, the black line is a projection for the future LUX-ZEPLIN experiment, and the dashed line corresponds to the background due to the direct detection of neutrinos [39] .
Light neutralino and sbottom scenario
We now investigate the possibility that light sparticles could have evaded the current experimental searches. It is known in particular that scenarios with compressed spectra, i.e. with small mass splittings, are particularly difficult to identify through SUSY direct searches, because of the associated soft jets and leptons. In addition, several dark matter direct detection experiments claimed for signal of light dark matter particles [42] [43] [44] [45] [46] , today severely challenged by the LUX data. In view of these data, in [47, 48] the possibility of finding in the pMSSM a scenario with a light neutralino of about 10 GeV still consistent with all the current data was investigated.
For such a light neutralino, constraints from the previous electron-positron colliders have to be considered. A pure higgsino or wino state is always accompanied by a chargino of similar mass. Such a light chargino would have been discovered at LEP, even for small mass splittings between the chargino and the neutralino. Therefore, a light neutralino has to be a pure bino. As a consequence, this neutralino would have suppressed couplings to the Higgs and Z bosons, lowering the decay fraction of the Higgs and Z bosons to a pair of neutralinos so that it is consistent with the available measurements of the invisible decays.
Concerning the relic density constraint, the bino neutralino alone would lead to a too large relic density, because the annihilation cross section of binos is small. As a consequence, it is necessary to have another light supersymmetric particle which could coannihilate with the neutralino in order to lead to the correct dark matter abundance. However, any charged or strongly interacting light particles should have been discovered at lepton colliders because of their small masses. This is clearly the case for the charged sleptons, charginos, wino, higgsino or wino-higgsino mixed state neutralinos, gluino or squarks of the first or second generations. A light stop or sbottom however could have escaped the constraints from LEP if their couplings to the Z boson were suppressed, which is achievable if the stop or sbottom mixing makes them mostly right-handed. The mass of the light Higgs boson requires heavy stops, but a light sbottom is still possible. The discovered Higgs could still decay to right-handed sbottoms, it is therefore necessary to find a compromise in the sbottom mixing such that the coupling to the Z boson is still suppressed while the coupling to the Higgs boson is reduced. This possibility can be achieved if the sbottom is of about 15 GeV. The decay width of the Z boson to sbottoms is presented in Fig. 13 .
In addition, the mass splitting of 5 GeV is at the right value, leading to a relic density compatible with the cosmological observations and to a scattering cross section with matter, mediated by the sbottom in a t-channel, large enough to be consistent with the data by the direct detection experiments seeing signals for a light DM particle. In addition no signal would be found in the cosmic ray spectra of indirect detection. This result is presented in Fig. 14 .
A schematic representation of the typical spectrum for this kind of model point is given in Fig. 15 .
It was extensively checked that such a scenario is not excluded by all the available experimental data. The list of imposed constraints can be found in [47, 48] . It is also remarkable that even if the production cross section of two sbottoms at the LHC can be very large, because the mass splitting between the sbottom and the neu- The vertical lines show the current experimental DM density value. In the lower panel, scattering cross section as a function of the DM indirect detection total annihilation cross section for selected pMSSM points. The vertical dashed and solid lines show the γ-ray strongest upper limit on theχχ → bb and thep strongest upper limit onχχ → bbg annihilation cross sections, respectively [47] .
tralino is close to the bottom mass, the produced b-jets would be soft enough to escape detection. The monojet searches are also not sensitive enough as the production of two sbottoms and one jet would be strongly suppressed by kinematics, because the masses of the sbottom, bottom and neutralino are of the same order, falsifying the narrow-width approximation. In addition, simultaneous cuts on the jet-p T and missing E T would reject the events. The next run however would be able to probe this specific region thanks to the increased production cross section. Finally, the monophoton searches at PETRA [49] , TRISTAN [50] and LEP [51] were not able to probe these scenarios because of the reduced production cross sections, consequence of the suppressed coupling of the sbottom to the Z boson as well as the kinematic suppression due to the small mass splitting between the sbottom and the neutralino. Effective Field Theories (EFTs) have many applications in contemporary particle physics and quantum field theory. They are applicable whenever there are two widely separated scales S H S L in a physical problem, and serve to efficiently describe processes at scales of order S L , with or without knowledge of physics at S H . The EFT is then valid at scales S L S H . The approaches to EFTs can be classified into two main categories. In the "top-down" approach the physics at S H (i.e. the "full theory") is known and the matching from the full to the effective theory is perturbative. This is for instance the case for the Fermi theory or the weak effective hamiltonian H eff of flavour physics. In the "bottom-up" approach the physics at the scale S H is either unknown (as in the case of the SM which can also be seen as an EFT of a more fundamental theory) or the matching is non-perturbative (as e.g. in Chiral perturbation theory).
The question arises why one should use an EFT in the "top-down" approach where the full theory is known. In this case it might be more appropriate to formulate the physical problem in fewer or more suitable degrees of freedom, which in turn leads to a reduced number of scales. In addition, a systematic expansion in a small parameter of O(S L /S H ) might simplify the problem consideraly. Moreover, new approximate symmetries might appear which are hidden if the problem is approached in the full theory. One example is HQET where at leading power a spin and flavour symmetries show up. Finally, and most importantly, a systematic resummation of large logarithms log(S H /S L ) which are generated in the full theory can be achieved conveniently in the EFT and allows for precision predictions in multi-scale problems.
In the "top-down" approach one divides the fields into high-and low-frequency modes, φ = φ H + φ L , and integrates out the high-frequency modes φ H via path-integral techniques, yielding a non-local effective action S(φ L ). Expanding the latter into products of local operators O i with matching coefficients (Wilson coefficients) C i is known as the "Operator Product Expansion" (OPE),
where the separation between long distances (encoded in the matrix elements of the O i ) and short distances (contained in the Wilson coefficients C i ) is controled by the renormalisation scale µ. For details see [52] . Contrary to what their names suggest, they don't tell us much about physics at some high scale. Operators with D > 4, on the other hand, are named irrelevant, yet these are the operators which are the really interesting ones since they can teach us something about physics at the scale S H . Neubert therefore comments on the above nomenclature as "without a doubt one of the worst misnomers in the history of Physics" [53] .
In the following we are giving several examples of EFTs and their applications, in particular, in relation to flavour, Higgs, and dark matter topics. In some cases the scale separation is very large and the use of EFTs are fully justified. In other cases, however, it is not clear if the high and low scales have large separation between them. Nevertheless, in all the examples below, the physics become much clearer due to the use of EFTs. 
Effective field theories for Flavour and Higgs
EFT in flavour physics
We give four examples of EFTs in flavour physics. a) The effective weak Hamiltonian H eff [54] , which is the modern extension of the Fermi theory. One makes use of the fact that in weak decays of mesons or baryons the masses and momentum transfers are much smaller than the masses of the weak gauge bosons and of the top quark, m i , q 2 M W,Z , m t , and uses the Fermi constant G F as expansion parameter. This yields higher dimension operators, that is with d > 4, which are local 6 Contributing author: Tobias Huber interactions of four fermions or two fermions and a photon/gluon. Calculations consist of three steps: matching, running, and on-shell matrix elements, and have reached a highly sophisticated level. The former two steps are process independent, whereas the last one is process dependent.
b) Heavy-quark effective theory (HQET) [55, 56] is an expansion in inverse powers of the heavy quark mass m Q and is mainly applied for Q = b, c. The momentum p µ Q of the heavy quark gets separated according to p
possesses a heavy-quark flavour symmetry and a heavyquark spin symmetry, which are both broken by subleading terms,
c) Soft-collinear effective theory (SCET) [57] [58] [59] [60] is applicable for jet-like objects of large energy and small invariant mass. Momenta are decomposed according to
Depending on the scaling of the individual components one distinguishes hard, n-collinear,n-collinear, and soft modes (in SCET I ). The Lagrangian density reads
where s, c stand for soft and collinear, respectively. An excellent review on SCET was recently released in [61] .
SCET has been applied to many problems in flavour physics, such as inclusive b → X u ν decays in the presence of a cut on m X [62] (see also [63] [64] [65] ). The SCET language is suitable for deriving factorisation theorems which have the form
i.e. the product of a hard function with the convolution of a jet-and a universal soft function. SCET is also applied to non-leptonic B-decays [66, 67] . More recently SCET has been vastly applied to collider physics problems. Just to mention a few, inclusive hadron-collider cross sections, Drell-Yan production, transverse momentum resummation, IR structure of gauge theory amplitudes, event shapes (thrust, jet-broadening, C-parameter), jet physics, electroweak Sudakov logarithms, Glauber gluons, and gravity. A more complete list of application, including the full list of references, can be found in [61] . The interplay between flavour and collider physics might also help to get insight into yet unsolved problems in SCET. As is well-known, convolution integrals in QCD factorisation (QCDF) diverge at subleading power [68] (so-called endpoint divergencies). Recent analyses on the collinear anomaly [69] , together with analytic regularisation in SCET [70] , might help to better understand and eventually resolve the problem of endpoint divergences in QCDF. d) Chiral perturbation theory (ChPT) is written in terms of mesons and baryons, the QCD degrees of freedom which are present below the scale of spontaneous chiral symmetry breaking, i.e. at energies at or below ∼ 1 GeV [71] [72] [73] [74] . The Lagrangian preserves the (approximate) chiral symmetry of QCD and is an expansion in meson momenta and masses. To lowest order, it reads
is a non-linear representation of the axial generators and contains the pseudoscalar Goldstone bosons Φ = √ 2T a φ a . Among the numerous applications are ππ-scattering, η-decays, nonleptonic, semi-leptonic and radiative K decays, pionnucleon scattering and so on. Reviews can be found in [75] [76] [77] .
EFT in Higgs physics
After the Higgs discovery [78, 79] one has to measure its properties and continue the search for new physics (NP) beyond the SM (BSM). This is done in a modelindependent way in EFTs, for example: a) Higgs production in the gg channel proceeds mainly via a top triangle loop, which can be integrated out to yield an effective ggH vertex,
The matching coefficient C 1 is known [80, 81] , as well as three-loop QCD corrections to the ggH vertex [82, 83] . The results were used recently in the prediction of the Higgs-production cross-section via gluon-fusion to NNNLO [84] . The limit m t → ∞ works very well for inclusive observables, even for m H / 2m t . Corrections for finite top-mass have also been calculated [85, 86] . b) Recently the complete dimension-six Lagrangian for the SM was formulated in [87] [88] [89] [90] [91] [92] [93] [94] [95] , (see also [96] [97] [98] ). They all build on earlier work from [99] . The operators can be classified into bosonic, single-fermionic-current, and four-fermion operators. Among them are CP-even and CP-odd, baryon-number conserving and violating ones. They allow to investigate processes in a modelindependent way, using only the SM gauge group and unitarity. Although the total number of operators is quite large (∼ 60), only a few of them contribute to a given process, e.g. in Higgs physics or in the context of anomalous gauge boson couplings. We shall give a few examples below. 
Applications in flavour physics
We can present here only a small selection of applications:
a) The Wilson coefficients, being real in the SM, become complex in general NP models. By introducing the ratios
one can write the observables in terms of the R i and derive model-independent constraints on the Wilson coefficients at the matching scale µ 0 , as was done in [100, 101] . For a recent update, see [102] and section 5. b) In exclusiveB → K * decays, LHCb [103] measured in one bin of the observable P 5 a 3.7σ discrepancy between experiment and the SM prediction, a feature which got essentially confirmed using an increased data set of 3fb −1 [104] . A possible impact of NP was analysed both model-independently (see e.g. [105] [106] [107] ) and in specific NP models (see below). Ref. [106] uses data on many FCNC observables and combines them in a Bayesian analysis. The fits include theory uncertainties explicitly through nuisance parameters. The fit is done for the SM alone, and for the SM supplemented by chirality-flipped operators (SM+SM ), see Fig. 16 . One concludes that the SM provides adequate description of the available |∆B| = |∆S| = 1 data, when permitting subleading power corrections of ∼ 15% at large hadronic recoil. c) TheB → K * anomaly has also been analysed in specific NP models (see e.g. [30, 108, 109] ). Ref. [109] investigates a triple correlation between observables in B → K * , B s −B s -mixing and the CKM unitarity, in a minimal Z model. Assuming that NP alters C 9 , one can set constraints on 
, where observables from inclusiveB → X s were used to set the bound. A similar analysis was done in [111] , where flavour observables for BSM studies are implemented in SARAH [112] and SPheno [113] . e) One can write down dimension-six operators which are singlets under the SM gauge group and which are baryon-number violating (BNV). This was first done in [114] and later refined in [87, 115] . The latter reference also takes into account two operators with righthanded (SM singlet) neutrino fields, and computes the one-loop renormalisation group equations (RGEs) for the dimension-six BNV operators. It turns out that the oneloop RGEs conserve baryon-number, so the dimension-six BNV operators only mix among themselves. The most stringent bounds on BNV operators come from the nonobservation of proton decay.
Applications in Higgs physics
Also in Higgs physics the applications of EFT are numerous and we have to stick to a few examples. a) In ref. [116] constraints on the operators from electroweak precision observables are investigated. For instance, for the operators
the 95% CL constraint
is provided (see also [117] ). For the fermionic operator
the 95% CL constraints
could be derived from the tt cross section and the limits on the neutron EDM, respectively. b) Ref. [118] studies effects on the oblique parameters S, T , and U , including one-loop corrections in the effective theory. Bounds on different operators, for instance
could be derived, see Fig. 18 . Limits on the coefficients in the EFT from loop contributions to the oblique parameters yield complementary information compared to direct Higgs production measurements. c) In ref. [119] a global fit to the effective operators was performed using all available experimental data. For instance, constraints on
were obtained, see Fig. 19 . Similar results were shown for CP-odd parameters. A similar global fit was done in [95] where correlations between different observables were investigated. d) Constraints on anomalous gauge couplings and nonstandard Higgs couplings were investigated in the EFT approach in [120] and [121] , respectively. The leading bounds from collider searches on dark matter operators from collider searches. The naming convention for the operators is due to [157] , and the searches leading to the bounds are cited in the text. Figure taken from [161] We now move to show example of the use of EFTs in applications related to dark matter (DM). Here we use them to stand in for the effects of as-yet unknown heavy particles. Many people have used this technique to study the possible interactions of DM with particles of the standard model. Unlike the more complicated cases often studied, it is straightforward in these theories to relate the different experimental probes of DM physics to one another and understand the interplay and complementarity of these disparate probes [122] .
Effectively Understanding Dark Matter
The best known application of these techniques is to collider searches for dark matter , where one generally searches for some particle radiated from the initial state (generally a quark or gluon [145, 146] , although photons [147, 148] and weak bosons [149] [150] [151] have also been searched for) and missing energy arising from the produced DM pair. Since their original proposal, these searches have been very quickly adopted by the LHC collaborations, leading to bounds such as those shown in Figure 20 . One can also perform searches for other operators, where radiation from the initial state is not required as the operator itself gives rise to a visible particle in addition to the DM pair [152] [153] [154] [155] [156] . EFT interactions of DM can also be used to understand the requirements for dark matter arising from our improving understanding of cosmology and from current searches for dark matter annihilation products [143, [157] [158] [159] [160] .
Of course, the use of EFT techniques at the LHC are somewhat dubious, as one might hope that not only the DM itself but also the new particles which couple it to SM particles are kinematically accessible to the LHC, in which case it seems suspect to treat the interaction of DM and SM particles using contact interactions. Naturally, once the particle mediating the interaction is able to be produced at the LHC the true bounds can be either weaker or stronger than those derived from the contact operator approximation, and this problem has been studied by many [162] [163] [164] [165] [166] [167] [168] . The CMS collaboration has already imrpoved one of its searches [146] to include the possible effects of an accessible mediator, studying the bounds as a function of an assumed Z mediator's mass. Interestingly, these techniques can also miss important points even in more low-energy probes, particularly when the DM interacts with different fields for the purposes of annihilation and direct detection, for instance [169] . Ultimately, the EFT techniques provide a dictionary for understanding the interplay between the various experiments searching for DM, and provide a simple benchmark to search for, as well as to search for deviations from once a signal is available.
EXTENDED STANDARD MODEL
(g − 2)µ versus BR(µ → eγ) in the MSSM
8
The measured value of the muon anomalous magnetic moment a µ = (g − 2) µ /2 deviates from the Standard Model prediction by more than 3σ [170] [171] [172] [173] [174] [175] , which could be due to the contributions from light sleptons, charginos, or neutralinos in the MSSM. Besides, the Feynman diagrams for the SUSY contributions to a µ and to the branching ratio BR(µ → eγ) are identical up to the flavour transition appearing only in the latter case. For this reason, correlations between the two observables have been studied [176] [177] [178] [179] .
As an example, Fig. 21 shows the contributions from sneutrinos and the lighter chargino. As the couplings and loop functions involved in both diagrams are the same, we expect for their ratio
where m 2 L12
is the flavour-violating (FV) entry in the soft mass squared matrix of the left-handed sleptons that mixes selectrons and smuons, and mp is the mass of a superparticle or a combination of masses. The branching ratio BR(µ → eγ) ∝ |a µeγL | 2 + |a µeγR | 2 is obtained after summing over all diagrams and adding the amplitude a µeγR involving FV in the right-handed sector.
Both the proportionality constant and the mass scale mp appearing in Eq. (30) are different for different diagrams in general. Consequently, we can expect a strong correlation between a µ and BR(µ → eγ) only if a single diagram dominates the SUSY contributions [176, 177] . In the following we will study to which extent and in which parts of the MSSM parameter space this is possible, summarizing results of [179] . 8 
Contributing authors: Jörn Kersten and Liliana Velasco-Sevilla
As a first try, we randomly varied the relevant mass parameters M 1 , M 2 , µ, mL (31) and the analogous parameter δ RR to values compatible with the experimental bound on BR(µ → eγ) from MEG [180] . 9 The result is the light blue region in Fig. 22 . We observe that for fixed a µ the branching ratio varies by a factor of about 10. Thus, in the considered scenario with similar SUSY masses the correlation is sufficiently strong to correctly determine the order of magnitude of BR(µ → eγ) if a µ and the FV parameters are known.
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This allows to determine a limit δ LL 2 · 10 −5 below which BR(µ → eγ) is guaranteed to satisfy the MEG bound if our 7 SUSY masses vary by up to 30 % around a mass scale M chosen such that we obtain the best-fit value of a µ if all masses equal M . Larger values up to δ LL 8 · 10 −5 are possible for some but not all combinations of the masses and thus remain allowed. The bounds on δ RR are much weaker.
The order-of-magnitude correlation found so far is not negligible but nevertheless relatively weak. This can be traced back to two reasons. First, for similar SUSY masses cancellations between different diagrams are always significant, reducing the value of a µ by at least 33 % compared to the contribution from the leading diagram. In other words, the leading diagram does not dominate sufficiently. Second, δ LL is not always the best choice for parameterizing the FV. Consequently, we can expect stronger correlations in parameter space regions featuring hierarchies among the SUSY masses which lead to the domination of a single diagram and determine the optimal choice for mp in Eq. (30) . Let us consider three examples.
We can obtain chargino dominance for M 1 ∼ µ and µ < M 2 with a mass difference sufficiently large to make the contribution of the heavier chargino small. In this case the correlation depends on the mass ratios x 1,2 = (mχ±
2 . For 5 out of the 9 possible hierarchies, we can approximate the ratio a µeγL /a µ as in Eq. (30) with an accuracy of better than 50 %, corresponding to an approximation for the branching ratio that is accurate up to a factor of about 2. For example, for x 1 ∼ x 2 ∼ 1 we find
9 For simplicity we assume all mass parameters to be real and positive. 10 Note that the variation of BR(µ → eγ) becomes much smaller if one imposes the constraints M 2 2M 1 and mL [179] , which also contains the details about the random scans.
Thus, δ LL is indeed the most suitable FV parameter here. If x 1 , x 2 1, we find instead
Now δ LL is not suited well to parameterize the FV. Rather, the correlation is governed by the chargino mass, the mass of the heaviest particle in the diagram. In order to quantify this, let us compare two cases. First, we fix mχ± , and vary all remaining parameters by up to a factor of 2. Then a µeγL does not change by more than 50 %. Second, we fix mχ± 1 as well as δ LL , and vary the remaining parameters. In this case, a µeγL changes by a factor of 4 according to Eq. (33), emphasizing that δ LL is not the decisive parameter determining this amplitude.
In the large µ limit and for large tan β, which was also studied in [181] , the dominant SUSY contribution stems from the bino-like lightest neutralino and charged sleptons. For example, we can obtain the measured value of a µ for tan β = 50, µ 4 TeV, M 2 1.8 TeV, M 1 300 GeV, and slepton masses around 500 GeV. We find that the approximation
is quite accurate, as is its analogue for the right-handed sector. Again, δ LL is not the parameter entering the analogue of Eq. (30) (and neither is δ RR ), and the decisive superparticle mass mẽ L is not even necessarily the heaviest mass in the diagram. In addition, a µ is not very sensitive to the selectron masses, so it does not restrict the mass scale governing µ → eγ. Hence, the value of the correlation is somewhat limited in this case. It could still be used to place a lower limit on the selectron masses if m
and m
R12
were determined by an additional source of information, such as a family symmetry.
Neutralino-μ R dominance occurs for very heavy lefthanded sleptons and M 1 , m˜ R < M 2 , |µ|. In this case we need a negative µ parameter to obtain the correct positive sign of a µ [182, 183] . We find a strong correlation that is well-approximated by
Fig. 22 also shows points from random scans in the large-µ andχ 0 -μ R dominance regions. As in the first scan with similar SUSY masses, we fixed δ LL and δ RR , leading to weaker correlations than could be obtained by fixing the "correct" mass ratios given in Eqs. (34) and (35) .
To summarize this section, we have found that for similar SUSY masses determining both a µ and BR(µ → eγ), cancellations are typical and the correlation between the two observables is relatively weak. However, there are interesting parameter space islands with characteristic mass hierarchies and strong correlations. In such regions the experimental limit on BR(µ → eγ) can imply strong constraints on lepton FV parameters that cannot be evaded by raising the overall SUSY mass scale, since the measured value of a µ fixes the mass scale of the contributing superparticles.
Effects of vectorlike leptons on Higgs decays and muon g-2 9
Among simplest extensions of the SM are those with extra vectorlike fermions near the electroweak (EW) scale. Vectorlike fermions can acquire masses independently of their Yukawa couplings to the Higgs boson and thus are not strongly constrained (compared to chiral fermions) by experiments. They can modify the evolution of gauge couplings so that the couplings unify, thus providing a framework that can be embedded into simple grand unified models (GUTs). Moreover, even small Yukawa couplings between SM fermions and vectorlike fermions can affect a variety of processes, including the muon g-2 and Higgs boson decays.
Extending the SM by three (or more) complete vectorlike families (VFs) with masses of order 1 TeV -100 TeV allows for unification of gauge couplings [184, 185] . Predictions for gauge couplings at the EW scale are highly insensitive to fundamental parameters, and ratios of observed values are to a large extent understood from the particle spectrum itself. The GUT scale can be sufficiently large to avoid the problem with fast proton decay, thus resurrecting simple non-supersymmetric GUT models.
The way this scenario works can be summarized in few steps. First, extra 3VFs make all gauge couplings asymptotically divergent which opens a possibility for a unification with large (but still perturbative) unified gauge coupling. Consequently, in the RG evolution to lower energies gauge couplings run to the infrared fixed point. Second, the ratios of gauge couplings far from the GUT scale depend mostly on the particle content of the theory and they happen to be not far from the observed values. Finally, the discrepancies between values of gauge couplings predicted from closeness to the infrared fixed point and corresponding observed values can be fully explained by threshold effects from masses of particles originating from 3VFs. Note that the first part is similar to attempts to explain observed values of gauge couplings from infrared fixed point with 8 to 10 chiral families [186, 187] before the number of chiral families and values of gauge couplings were tightly constrained.
The evolution of Higgs quartic and top Yukawa couplings is also significantly modified. In the SM, the top Yukawa coupling already drives Higgs quartic coupling to negative values at a high scale. Additional sizable Yukawa couplings accelerate this behavior and thus the stability of the EW minimum sets a limit on the size of extra Yukawa couplings. In the case of the SM extended by 3VFs the Higgs quartic coupling can remain positive all the way to the GUT scale even with additional Yukawa couplings. The difference comes from larger values of all gauge couplings compared to the SM above the scale of 9 Contributing author: Radovan Dermíšek vectorlike fermions. Larger gauge couplings slow down the running of Higgs quartic coupling, and eventually turn the beta function of Higgs quartic coupling positive. This effect is further amplified by the fact that the top Yukawa is driven fast to much smaller values compared to the SM (again due to larger gauge couplings) and its contribution to the running of Higgs quartic coupling becomes small. Extra vectorlike fermions near the EW scale can also contribute to many processes and observables involving SM particles and they have often been considered to explain various anomalies. Examples include attempts to explain the anomaly in the forward-backward asymmetry of the b-quark [188] [189] [190] and the muon g-2 anomaly [191] [192] [193] . In what follows I will focus on vector like leptons, the muon g-2 anomaly and possible modifications of other properties of the muon.
If the muon mixes with vectorlike leptons originating from an SU (2) doublet L and a singlet E, the deviation of the measured value of the muon anomalous magnetic moment from the standard model prediction can be completely explained. This mixing simultaneously contributes to the muon mass (we label this contribution by m LE µ ), and the correlation between contributions to the muon mass and muon g-2 is controlled by the mass of the neutrino originating from the doublet L, that is given by the vectorlike mass parameter M L [193] . The possibility of explaining the muon g-2 anomaly by mixing of the muon with extra heavy leptons was previously noticed in Ref. [191] and the correlation between contributions from mixing to the muon mass and muon g-2 was also explored in Ref. [192] . +1. In the first case, about twice as large contribution from the direct Yukawa coupling of the muon is required to generate the correct muon mass, while in the second case, the muon mass can fully originate from the mixing with heavy leptons [193] .
As a result of the mixing, the Higgs coupling to the muon is not given by the physical muon mass. Therefore the branching ratio of h → µ + µ − is modified and can be significantly enhanced. Depending on additional Yukawa coupling, the branching ratio for h → γγ can be also modified.
The sizes of possible contributions to the muon g-2, muon mass and other observables depend on the upper limit on Yukawa couplings (of vectorlike leptons or those that mix vectorlike leptons with the muon) that we allow in the model. With the upper limit on Yukawa couplings being 0.5, motivated by a simple UV embedding of this scenario with three complete vectorlike families, the muon g-2 can be explained within one standard deviation either with M L 130 GeV (the mass of the lightest extra charged lepton is m e4 150 GeV), or with M L 1 TeV. The small M L case predicts the h → µ + µ − in the range 5 -9 times the standard model prediction. The branching ratio for h → γγ can be enhanced by ∼15% or lowered by ∼25% from its SM prediction. The asymptotic case predicts only very small modifications of h → µ + µ − and h → γγ compared to the SM. Results for larger Yukawa couplings being allowed can be found in Ref. [193] .
The small M L solution to the muon g-2 simultaneously explaining the muon mass completely from the mixing of the muon with vectorlike leptons is particularly interesting since it requires very light charged lepton. In a large range of the parameter space this solution predicts the existence of e 4 below the Higgs mass and thus h → e ± and e ± 4 → W ± ν, lead to the same final states as h → ZZ * → Zµ + µ − and h → W W * → W µν, thus possibly affecting measurements of these processes [194] . Since the partial width of h → Zµ + µ − is much smaller than h → W µν in the SM, it is expected that the effect of the new lepton would show up in h → Zµ + µ − first unless BR(e ± 4 → Zµ ± ) is very small. The e 4 − µ − h, e 4 − ν − W and e 4 − µ − Z couplings needed to explain the muon g-2 anomaly, see Fig. 23 , are sufficient to modify the Higgs decays in 4 , see Fig. 24 , and 2 2ν channels. Thus the contributions to the muon g-2 and h → 4 can be connected without any further assumptions. If only the muon mixes with vector like leptons, the new charged lepton can contribute to the h → 4µ and h → 2e2µ processes. Without additional couplings it cannot contribute to h → 2µ2e (the first pair of leptons originating from the on-shell Z) or h → 4e decay modes.
Although the 4 final states originating from h → e ± 4 µ ∓ and h → ZZ * are identical, the kinematical distribution of final state leptons is not. The muon that accompanies the e 4 is somewhat soft, and if the mass of the e 4 is close to the Higgs mass, this muon does not pass the cuts used in the h → ZZ * analysis. The acceptance drops significantly within about 6 GeV below the Higgs mass. For lighter e 4 the h → e ± 4 µ ∓ can easily dominate over h → Zµ + µ − for values of couplings allowed by precision EW data and thus any enhancement in h → 4µ and h → 2e2µ allowed by current limits is possible. There are also many scenarios which can explain the muon g-2 anomaly within 1 sigma and simultaneously significantly enhance h → 4µ and h → 2e2µ. Limiting Yukawa couplings to 0.5, the mass of e 4 has to be larger than about 113 GeV in order not to be ruled out by h → 4µ. Increasing the Yukawa couplings up to 1, the m e4 can be close to the LEP limit for the small M L case. For the asymptotic case, m e4 is required to be larger than about 119 GeV.
If the e 4 is heavier than the Higgs boson then its contribution to h → 4µ and h → 2e2µ is very small. However the muon g-2 anomaly can still be fully explained. In this case the only solid connection of the muon g-2 anomaly and Higgs decays is through h → µ + µ − .
Very Minimal Composite Higgs Models
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Models of Composite Higgs [195] [196] [197] [198] [199] [200] [201] provide one of the most compelling solutions to the hierarchy problem. In these models, the quadratic sensitivity of the Higgs boson mass to the ultra-violet is saturated by new physics at some scale Λ Λ C ∼ 4πf π , with f π ∼ TeV, before the new strong interaction featuring the Higgs as a bound state starts to be resolved. Moreover, the small hierarchy existing between the scale of compositeness and the electroweak (EW) scale, Λ M EW ∼ v, can be alleviated within this framework if one assumes that the Higgs is the pseudo Nambu-Goldstone boson (pNGB) associated to the spontaneous breaking of some global symmetry G, analogously to what happens with pions in QCD. Thus, the Higgs boson can be effectively described at low energies by a non-linear σ-model parametrizing the breaking G → H, with H ⊂ G. The Higgs boson gets then a mass at the quantum level from weakly gauging just the EW subgroup of G ⊃ G EW , as well as from the interaction of the composite sector with the elementary fermions, transforming under the SM group. However, the relatively small value of the Higgs mass observed by the ATLAS and CMS experiments [78, 79] , m H ≈ 125 GeV, together with the large top mass value, require the masses of some of the composite states mixing with the elementary top chiralities via linear mixings to be rather small, m f ∼ f π Λ. Otherwise, the coefficients of these linear mixings would become too big in order to accommodate the top mass, leading then to an excessively large breaking of the Goldstone symmetry and thus to a Higgs heavier than observed. For most minimal scenarios and natural values of f π 1 TeV, the presence of such "anomalously" light top partners leads to considerable tension with current LHC data [202] .
Until very recently, the only viable way of lifting the masses of these ultra-light top partners (without increasing the scale of compositeness) required the embedding of quarks in the symmetric representation of SO(5) [203, 204] . However, these models suffer generically from an "ad-hoc" tuning, as the predicted Higgs mass sits in principle close to f π , thus asking for a cancellation of unrelated parameters to bring it down. Even though, quantitatively, the tuning resulting in these setups is similar to the one existing in the most economical scenarios MCHM 5,10 , demanding such large representations without any fundamental reason seems to go against the principle of minimality. In particular, these models populate the scale of fermionic resonances m ψ ≡ g ψ f π with a large number of colored particles. However, as it was shown recently [205] , the inclusion of a realistic lepton sector can in some cases change dramatically this picture, lifting considerably the masses of the lightest top-partner resonances without adding any new light degree of freedom to the spectrum. Moreover, it was also shown that extremely minimal realizations of the lepton sector could still avoid the need of light partners due to its sizable contributions to the Higgs potential, triggered by a type-III seesaw mechanism. In the following, we will review some of these scenarios, trying to shed some light on the deep relation existing in these models between the flavor pattern in the lepton sector and the predicted value of the Higgs mass. In order to fix some notation and illustrate some key ingredients of these models, we will first review briefly their generic five-dimensional (5D) descriptions.
General (5D) Setup
We consider a slice of AdS 5 with metric
where z ∈ [R, R ] is the coordinate of the extra dimension, R and R are the positions of the ultra-violet (UV) and infra-red (IR) branes, respectively, and a(z) ≡ R/z. The bulk of the extra dimension is symmetric under the gauge group SO(5)×U (1) X , 11 which is broken by boundary conditions to the EW group SU (2) L × U (1) Y on the 11 Larger cosets can also be considered, which may even lead to the presence of Dark Matter candidates as explicitly studied in [206] [207] [208] .
UV brane and to SO(4) × U (1) X on the IR one. More explicitly, this setup correspond to the following choice of boundary conditions are the 4D vector components of the 5D gauge bosons associated to SU (2) L and SU (2) R , respectively, both subgroups of SO (5). We have also defined the linear combinations
with g 5 and g X being the dimensionfull 5D gauge couplings of SO (5) and U (1) X , respectively, and X µ the gauge boson associated with U (1) X . Finally, Câ µ are the gauge bosons corresponding to the broken generators ∈ SO(5)/SO(4), whose scalar counterparts provide zero-modes Pl fixed by naturalness, the only free parameter in the 5D gauge sector is R , 12 or equivalently,
With very good approximation, we obtain
and
where g * ≡ g 5 R −1/2 is the dimensionless 5D gauge coupling, e = 4πα QED is the electric charge and θ W is the Weinberg angle.
The fermion sector will depend on the specific SO(5) representations in which the 5D fields transform, 1, 4, 5, 10 or 14. Taking into account that Y = T 3 R + Q X 12 We assume for simplicity no brane localized kinetic terms.
it would be straightforward to work out all possible embeddings of the SM fermions. Since fermions with a sizable degree of compositeness are the only ones playing a non-negligible role in the generation of the Higgs potential and the Higgs mass, henceforth we will neglect UV localized fermions. However, to reproduce the different charged lepton masses we will still include left-handed (LH) leptons if their right-handed (RH) counterparts are composite, as it will be the case (see below). Neglecting thus the first two quark generations as well as the RH bottom, the smallest embedding of the quark sector features a fundamental representation of SO(5) and a full singlet,
where Q X = 2/3 and we have explicitly shown the decomposition under SO(4) ∼ = SU (2) L × SU (2) R , with the bidoublet being represented by a 2 × 2 matrix on which the SU (2) L rotation acts vertically and the SU (2) R one horizontally. In particular, the left and right columns correspond to fields with T 3 R = ±1/2, whereas the upper and lower rows have T 3 L = ±1/2. The signs in square brackets denote the boundary conditions on the corresponding branes. A Dirichlet boundary condition for the LH chirality is denoted by [−] while the opposite sign denotes the same boundary condition for the RH one. Hence, before electroweak symmetry breaking (EWSB), zero-modes with quantum numbers 2 1/6 and 1 2/3 under SU (2) L × U (1) Y are present in ζ 1 and ζ 2 , respectively. For the sake of concreteness, we will call this setup MCHM 5−1 , where the first and second subscripts refer to the specific embedding of the LH and RH SM-fermions, respectively.
13
However, in the usual paradigm where the top is almost fully responsible of triggering the EWSB, such a compact realization of the quark sector does not provide a viable Higgs potential (see e.g. [205] ). This is typically solved by promoting the full singlet hosting the RH top to a fundamental of SO (5), i.e., by going to the MCHM 5 ,
Nevertheless, as it was shown in [205] and we will see below, the consideration of minimal leptonic sectors featuring a type-III seesaw results in additional sizable contributions to the Higgs potential that can render viable the MCHM 5−1 . Henceforth we will just consider these two scenarios in the quark sector. 13 If they are both equal we will use just one index as customary.
In both cases, the relevant part of the action reads
where M = µ, 5 and g Y ≡ g 5 g X / g 2 5 + g 2 X . S UV and S IR include possible brane localized terms. As usual, we have parametrized the bulk masses M k = c k /R in terms of dimensionless bulk mass parameters c k and the fundamental scale R. The fifth component of the covariant derivative in the above action generates the Yukawa interactions
where the dots stand for terms involving the non-physical Kaluza-Klein (KK) excitations of the Higgs boson and we have used that the Higgs profile is given by
Looking at the specific form of the Yukawa interactions, one can readily see that a non-zero mass for the zero-modes after EWSB requires the addition of some IR brane terms splitting the zero-modes between the different multiplets. Therefore we consider the following IR localized action
where we have used the SO(4) decomposition ζ = ζ (2,2) + ζ (1, 1) , and ζ
for the MCHM 5−1 . When considering minimal scenarios in the lepton sector, it is instructive to take a close look to the symmetric representation of SO(5), whose decomposition under SO(4) reads 14 = (1, 1) ⊕ (2, 2) ⊕ (3, 3) . One can easily see that it is the only one which can host at the same time a P LR protected SU (2) L × U (1) Y singlet and a triplet ∼ 3 0 . This implies in particular that, using the 14, we can build very economical models in the lepton sector, where the neutrino masses are generated via a type-III seesaw. In the following, we will consider the most minimal of these scenarios, the so called mMCHM III , realized with LH and RH leptons transforming as 5 −1 and 14 −1 , respectively, under SO(5) × U (1) X . The corresponding boundary conditions read
where for simplicity we have just shown the multiplets for the third generation, being the ones for the first two generations completely analogous. These boundary conditions imply the presence of the following
In this case, we can write down the following UV Majorana mass,
where
are the 5D SU (2) L ×U (1) Y triplets hosting the Σ
R zeromodes. On the other hand, the IR brane masses read
where for convenience we have added prefactors − √ 5/2 and − √ 2, see [205] , and, for the sake of simplicity, we have assumed all brane masses M Σ , M S and M B to be diagonal.
The Majorana mass matrix for the corresponding zeromodes reads
is the zero-mode wave function at the IR brane. This mass matrix is typically too large, M M ∼ O(M Pl ), unless the corresponding zero-mode profiles are pushed away from the UV brane. This leads to values of c 2 ∈ (−1/2, 0) and thus IR localized RH zero-modes. Therefore, just the quantum numbers of the lepton sector and the overall scale of the neutrino masses lead naturally to IR localized leptons for all three generations. This will allow us to compensate the relative color suppression of the lepton sector in the contribution to the Higgs potential, making this setup particularly interesting for lifting the masses of the top partners.
Two Concrete Examples
In the following we will study in more detail two particular examples of highly economical composite Higgs models, both featuring the smallest implementation of a type-III seesaw in the lepton sector. In particular, we will consider the mMCHM III 5 and the mMCHM III> 5−1 , where as before subscripts refer to the specific quark representations and the superscript ">" implies that there will be no additional hierarchy between the brane masses in the lepton and the quark sector (see below). In both cases, we perform a numerical scan over the different brane masses for fixed values of R = 10 −16 TeV −1 and f π = 0.8 TeV, which correspond roughly to g * ≈ 4.0 and s φ ≈ tan θ W . We assume brane masses fulfilling
where we have taken real brane masses in the lepton sector for the sake of simplicity, since due to the presence of the Majorana masses M Σ the size of the system of equations that we have to solve (which is already 10 × 10 in this case) would double. The numbers Y 
with
being the top mass evaluated at the high scale f π ∼ O(1) TeV. On the other hand, for each lepton generation , the bulk masses are fixed by imposing the corresponding charged lepton masses and the following neutrino spectrum The chosen value f π = 0.8 TeV ensures a reasonable agreement with electroweak precision data, since
in these models at tree level [201, 209] , which leads in our case to S ≈ 0.112 and T = 0 = U . In general, even though S| U =0 = 0.05 ± 0.09 at 95% confidence level [117] , the large correlation with the predicted value of the T parameter, ρ corr. = 0.91, would in principle point to a larger value of f π . However, as we are also neglecting non-oblique effects as well as radiative fermion corrections which can give an non-negligible positive contribution to the T parameter [210] , we will be satisfied by the numbers shown above as a first approximation. Besides this, we have also checked that |δg Z¯ /g Z¯ | ≤ 2 , with = e, µ, τ, for all points on the scan. In Figure 25 we show the mass of the lightest top partner, m min 2/3 , as a function of the Higgs mass evaluated at the composite scale f π for the mMCHM III 5 . The yellow band corresponds to the experimental value of the Higgs mass, m H (f π ) = 105 GeV (1 ± 7.5%), with the allowed range accounting for the uncertainties in the running in a conservative way [205] . We also show the BarbieriGiudice measurement of the tuning, ∆ BG , by the color of every point in the m H − m min 2/3 plane, where light yellow corresponds to a negligible tuning ∆ BG ∼ 0, whereas dark red depicts a sizable tuning ∆ BG 100. This measure includes both the tuning to get a correct EWSB (the tuning entering the Higgs vev) as well as the potential ad-hoc tuning in the Higgs mass. Here, we assume some hierarchy between the brane masses in the quark and the lepton sector, or "Yukawa suppression", Y l * = 0.35 versus Y q * = 0.7, which may be motivated by the specific flavor pattern observed in the lepton sector [205, 211] . We can see from the plot that we can have masses for the lightest top partner well beyond the TeV, with a reasonably small tuning. In particular, a considerable amount of points with a viable Higgs mass feature m min 2/3 ∼ (1−2.5) TeV together with a tuning ∆ BG (10−20) . This is easy to understand since a negative lepton contribution to the Higgs mass can allow for a larger top breaking of the Goldstone symmetry and thus heavier partner masses. The fact that the RH charged leptons are embedded in 14s of SO (4), with parametrically larger contributions to the Higgs mass, and that all three generations feature a similar degree of compositeness make in principle the lepton contribution important. However, the assumed Yukawa suppression, in agreement with the fact that m v in contrast to the top quark, avoids the otherwise expected increase of the tuning in the Higgs mass. Moreover, the masses of the lepton partners are in general at the KK scale M KK ∼ 3 TeV, as the IR localization of the RH leptons is rather modest (and m m t ). In order to be able to quantify more precisely the impact of leptons we display in Figure The distribution of the top partner masses in the most minimal scenario mMCHM III> 5−1 is examined in Figure 27 , where we show again the mass of the lightest top partner resonance m min 2/3 as a function of the Higgs mass m H (f π ). As denoted by the superscript ">", in this case we have lifted the previously assumed Yukawa suppression and taken equal maximum brane masses Y q * = 0.7 = Y l * , since the lepton contribution to the sin 2 (h/f π ) term of the potential is expected to cancel to a significant extend the sizable contribution of the top quark to allow for EWSB. In principle, this would also imply a considerable enhancement of the ad-hoc tuning in the Higgs mass, since the lepton contribution to the Higgs mass would increase accordingly. However, at the end such increase turns out to be rather moderate and the cor- rect Higgs mass can be reached with a modest tuning of ∆ BG ∼ (30 − 40). This is in particular a consequence of having a relatively fully composite t R , not contributing to V (h), which in turn allows for a less IR localized t L and thus a reduced top contribution to the Higgs potential. On the other hand, as it is clearly visible from the plot, the model does not even show ultra light partners below a TeV anywhere in its parameter space, being possible to lift these masses well above 3 TeV. The corresponding survival function, depicted by the solid green lines in Figure 28 , do not drop under 5% even until m [203] [204] [205] . We display the survival function P ∆ (x), describing the fraction of points with a given fine tuning larger or equal than x, for all points in the viable Higgs-mass band and assuming m min 2/3 > 1 TeV. This plot confirms clearly that the mMCHM III 5 opens for the first time the parameter space to allow for a minimal tuning of even less than 10% while at the same time not predicting anomalously light partners. While already this model provides a motivation for the appearance of a symmetric representation of SO(5) and does not introduce many new particles, a major virtue of the mMCHM III> 5−1 on the other hand is its highest degree of minimality and naturalness. This is true in the lepton sector, where it provides the most economical realization of the type-III seesaw, as well as in the quark one, where it embeds each SM fermion in the smallest SO(5) multiplet one can imagine (respecting custodial protection of the Z couplings), leading to the least number of degrees of freedom in the full fermion sector for viable models [205] . Obviously, raising top partners through this model is much more minimal than in the MCHM 14−1 , which adds many colored degrees of freedom at the TeV scale with a similar amount of tuning.
To summarize, we have examined two particular examples of models that allow to lift the masses of the lightest top-partner resonances well above the region currently probed by the LHC in an orthogonal way to former studies, i.e. without significantly increasing the colored fermion sector while still predicting a naturally light Higgs. In particular, we pointed out the large minimality of the mMCHM III models, which, even though presenting a symmetric representation of SO (5), allow for a smaller number of new particles than for instance the standard MCHM 5 , by unifying both LH and RH SM-leptons in a single multiplet, respectively. We also showed how, contrary to the quark sector, the lepton sector provides a compelling motivation for the emergence of a symmetric representation through the seesaw mechanism and how the mMCHM III 5 allows to accommodate the absence of anomalously light partners with a minimal tuning. It is indeed the particular type-III seesaw that allows the unification of the RH lepton fields, not possible in the quark sector due to the SU (2) breaking masses and/or the quantum numbers. Furthermore, we have seen that the a priori sizable lepton contribution in these models to the Higgs mass and the Higgs potential allow to render viable models where each top chirality is embedded in the smallest possible SO(5) representation (with custodially protected Z couplings), enhancing thus the minimality of the setup also in the quark sector. In particular, we have shown that the mMCHM III> 5−1 leads to an important rise in the masses of the lightest top partners with a modest amount of tuning, while featuring the least number of fermionic degrees of freedom of all viable models.
STATUS OF FLAVOUR PHYSICS
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The status of flavour physics at the end of the Bfactories/Tevatron era and after the first few years of data from LHCb is characterized by an overall confirmation of the CKM paradigm [212, 213] and by a number 11 Contributing authors: Enrico Lunghi and Tobias Hurth of two-three sigma tensions. None of the latter is clean and/or significant enough to signify a clear breakdown of the Standard Model description of flavour. A selection of interesting deviations includes:
• A 1.5 sigma tension in unitarity triangle fits controlled by the rare decay B → τ ν and by the time dependent CP asymmetry in B → J/ψK s (that allows a clean extraction of the the angle β) [214] [215] [216] .
• Three sigma tensions in the the determinations of the CKM elements V ub and V cb from inclusive and exclusive semileptonic B decays [217] [218] [219] .
• Tensions observed in the rare decays B → K * ( = e, µ) at low and high dilepton invariant mass [103, 104] .
• A puzzling deviation from lepton universality amongst the first two generations in the B → K ( = e, µ) branching ratios [220] .
• An anomalously large same sign di-muon charge asymmetry measured by D0 [221] .
In this short overview we review unitarity triangle fits and B → K ( * ) rare decays. With regards to the latter we also discuss the impact of future inclusive B → X s measurements at Belle II.
Unitarity Triangle Fits
The standard global analysis of CP violation within the CKM framework is based on the unitarity relation
that, when represented in the complex plan identify the so called unitarity triangle. Each of the CKM entries is a function of the four Wolfenstein parameters λ, A, ρ and η and the standard presentation consists in marginalizing over λ and A and present results in the (ρ, η) plane (for a pedagogical review of these topics see, for instance, ref. [52] ). The constraints that we include in the fit are the B d and B s mass differences, ε K , the direct determinations of |V cb | and |V ub | from inclusive and exclusive b → (c, u) ν decays, the time dependent CP asymmetry in B → J/ψK s (sin 2β), the determination of α from B → (ππ, ρρ, ρπ) decays, the extraction of γ from B → D ( * ) K ( * ) decays and the branching ratio for B → τ ν. All of these quantities present exceptional challenges in their experimental determination, theoretical calculation or both. The most relevant inputs that we use in the fit are summarized in table 3 .
From the experimental point of view, the main difficulties lie in the measurement of B → D ( * ) K ( * ) branching ratios and CP asymmetries (the extraction of γ than follows from relatively clean isospin fits) and in the measurement of the B → τ ν branching ratio. While the former are expected to be measured with great precision in the next few years at LHCb, the latter require the clean environment of a B-factory to be reconstructed. The experimental precision that is expected from Belle II with 50 ab −1 is about 3% (compared to the 19% of the current world average).
From the theoretical point of view, the strongest challenge remaining is the resolution of the conflicts between the determination of |V cb | and |V ub | from inclusive and exclusive b → (c, u) ν decays. In both cases, inclusive and exclusive modes yields CKM elements that differ at the about three sigma level (see table 3 ). Inclusive modes are in principle controlled by perturbative physics. While the status of B → X c ν calculations is excellent (see for instance ref. [223] ), the B → X u ν transition is afflicted by a general breakdown of the OPE due to experimental cuts required to suppress the B → X c ν background that result in large uncertainties related to the B meson shape function [63, 224] (more recently BaBar and Belle presented results that take into account approximatively 90% of the total available phase space [225] ). Predictions for exclusive modes are controlled by the lattice QCD determination of the B → π and B → D ( * ) form factors (the former, in particular, requires an extrapolation at low-q 2 that is usually performed using a z-parametrization and a simultaneous fit of lattice and experimental results). Very recently LHCb presented a determination of V ub from the baryonic process Λ 0 b → pµν µ [219] using a very recent lattice QCD calculation of the Λ b → p form factor [226] ; this new result is in excellent agreement with the determination of V ub from B → π ν decays. The averages we adopt are presented in table 3 where the uncertainties have been rescaled (using the PDG prescription) in order to take into account the three sigma tension amongst the inputs. Finally we should point out that recent impressive improvements of lattice QCD determinations of various matrix elements (e.g. the K −K matrix elementB K has an uncertainty of about 1%) has made the remaining lattice inputs almost subdominant in the fit.
The results that we obtain are presented in Figs. 30-32 (the explicit formulae used can be found, for instance, in refs. [227, 228] ).
In Fig. 30 we assume that high-scale new physics contributions are confined to the B d mixing sector thereby affecting the determinations of sin 2β and α (in principle also the ratio ∆M Bs /∆M B d is affected by we find that the fit constraints this ratio to be very close to the SM prediction). We therefore remove these two constraints from the fit and extract a prediction for sin 2β (given in the plot) and find that deviates at 1.5 sigma level from its direct determination. The parametrization we adopt is M 
In the lower left plot of Fig. 30 Hamiltonian framework:
In this parametrization Λ is the scale of some new physics model whose interactions are identical to the Standard Model with the exception of an additional arbitrary CP violating phase:
The corresponding results in the [Λ, ϕ] plane are presented in the lower right plot of Fig. 30 where we see that scales in the [200, 400] GeV range are preferred.
In Fig. 31 we entertain a complementary scenario in which new physics is allowed to affect only the B → τ ν branching ratio. Models in which this happens are fairly common because a simple charged Higgs tree level exchange can contribute sizably to the B → τ ν amplitude. Following the same strategy as above, we remove the B → τ ν constraint from the fit and compare the fit result to the direct measurement finding a 1.4 sigma tension.
Finally, in Fig. 32 we consider the more exotic possibility of taking the discrepancy between the inclusive and exclusive determinations of |V ub | at face value and introducing interactions whose impact on exclusive B → X u ν decays is much larger than in inclusive ones. The introduction of a right-handed effectiveū R W /b R coupling offers the most elegant solution of the "V ub puzzle" (see for instance refs. [229] [230] [231] [232] [233] ). In this scenario we have:
The effective parameter ξ R ub affects all b → u ν ( = e, µ, τ ) transitions: 
indicating deviations in ξ R ub and θ d at the three sigma level. In the upper plot in Fig. 32 we show the fit we obtain after excluding all quantities that are sensitive to ξ R ub and θ d ; the resulting predictions for sin 2β and BR(B → τ ν) differ from their direct determination at the three sigma level. In the lower plot in Fig. 32 we show the corresponding two-dimensional allowed regions in the [ξ
In conclusion, the overall status of unitarity triangle fits is in fairly good agreement with the SM. The few tensions we observe could be interpreted as a hint for new physics but could also be resolved in the near future by improvements on (1) the experimental determination of BR(B → τ ν) at Belle II, (2) lattice-QCD determinations of the semileptonic form factors, (3) the experimental uncertainty on γ from LHCb.
Exclusive
Different theoretical concepts are used in the treatment of exclusive rare semileptonic decays within the two alter-native kinematic regimes: large recoil (i.e., to low dilepton invariant mass squared, q 2 ) and small recoil (i.e., high q 2 ). However, calculations in the q 2 region close to the narrow cc resonances are difficult.
Exclusive heavy-to-light B → K * µ + µ − decays in the low-q 2 region are described by the method of QCDimproved Factorisation (QCDF) and its field-theoretical formulation of Soft-Collinear Effective Theory (SCET). The decay amplitude factorises to leading order in Λ/m b and to all orders in α s into process-independent non-perturbative quantities in the combined limit of a heavy b-quark and of an energetic K * meson: e.g., B → K * form factors and light-cone distribution amplitudes (LCDAs) of the heavy (light) mesons and perturbatively calculable quantities, which are known to O(α 1 s ) [234, 235] :
which is accurate to leading order in ΛQCD/m b and to all orders in α s . In addition, if M is a vector V (pseudoscalar P ), the seven (three) a priori independent B → V (B → P ) form factors reduce to two (one) universal soft form factors ξ ⊥, (ξ P ) in QCDF/SCET [236] . The factorisation formula Eq. (75) is well applicable in the dilepton mass range, 1 < q 2 < 6 GeV 2 . If we take all these simplifications into account the various spin amplitudes at leading order in Λ QCD /m b and α s get linear in the soft form factors ξ ⊥, and also in the short-distance Wilson coefficients. These simplifications allow us to design a set of optimized observables, in which any soft form factor dependence (and its corresponding uncertainty) cancels out for all low dilepton mass squared q 2 at leading order in α s and Λ QCD /m b , as was explicitly shown in refs. [237, 238] . In refs. [239, 240] , an optimized set of independent observables was constructed. Here, nearly all observables are free from hadronic uncertainties which are related to the form factors. However, in these angular observables, the soft form factors are not the only source of hadronic uncertainties. Within the QCDF/SCET approach, a general and quantitative method to estimate the important Λ QCD /m b corrections to the heavy quark limit is missing.
The high q 2 (low hadronic recoil) region corresponds to dilepton invariant masses above the two narrow cc resonances (q 2 > 14 GeV 2 ). Broad cc-resonances can be treated using a local operator product expansion [241, 242] . One finds small sub-leading corrections which are suppressed by either (Λ/m b ) 2 [242] or α s Λ/m b [241] . This depends on whether full QCD or subsequent matching on heavy quark effective theory in combination with form factor symmetries [243] is adopted. Numerically, the sub-leading corrections to the amplitude have been estimated to be below 2 % [242] . Those due to form factor relations are numerically suppressed by C 7 /C 9 ∼ O(0.1). In addition, duality violating effects have been estimated within a model of resonances. They were found to be at the level of 2 % of the rate, if sufficiently large bins in 2 are selected [242] . Moreover, the heavy-to-light form factors can be calculated using lattice calculations (see, for instance, ref. [244] ). As a consequence, this region is theoretically well controlled.
Within the first experimental findings on new angular observables in the exclusive decay B → K * µ + µ − based on the 1 fb −1 dataset, LHCb founds a 3.7σ local discrepancy in one of the q 2 bins for one of the angular observables [103] , namely in the bin q 2 ∈ [4.3, 8.63] GeV 2 of the observable P 5 . The latter belongs to the set of optimized observables in which form factor dependence cancels out to first order. LHCb compared its experimental results with the theoretical predictions in ref. [240] .
This observation has been confirmed by the recent LHCb analysis using the 3fb −1 data sets. The investigation of the observable P 5 shows again in the new bins q 2 ∈ [4.0, 6.0] and [6.0, 8 .0] deviations of 2.9σ. Therefore the significance has not increased, but the new measurement is compatible with the 1fb −1 measurement. The deviation in the observable P 5 can be consistently described by a smaller C 9 Wilson coefficient, together with a less significant contribution of a non-zero C 9 (see for example ref. [245] ). This is a challenge for the modelbuilding. A large number of references [30, [105] [106] [107] [108] [109] [246] [247] [248] [249] [250] [251] results is presented in Fig. 33 [252, 253] using the SuperIso program [254, 255] . Scenarios with new physics confined to the pair of Wilson Coefficient [C 9 , C 9 ] (upper plot) and [C 9 , C 10 ] (lower plot) are considered. In a model-independent analysis, the anomaly can be consistently described by smaller C 9 and C 9 Wilson coefficients and, to a lesser extent, by a positive contribution to C 10 (we remind the reader that C SM 10 < 0). Large contributions to the C 9 are difficult to accomodate in typical new physics models. Indeed, the Z-boson coupling to the leptonic vector current is suppressed by a factor (1 − 4s 2 W ) ∼ 0.04 which implies that flavour changing effective Z − b − s couplings (that are potentially enhanced in many BSM models) contribute only minimally to the operator O 9 =s L γ µ b L¯ γ µ . Therefore, main stream models, for instance the minimally flavour violating MSSM, warped extra dimension scenarios, or models with partial compositeness, cannot accommodate the deviation at the 1σ level. On the other hand, Z models have been shown to be viable [109] .
In the MSSM, we cannot generate any sizable contribution to the coefficient C 9 , but also any significant contribution to C 9 is correlated to contributions to other Wilson coefficients affecting the other observables. Nevertheless, combining all the observables in a fit one can check the global agreement of the model with the available data [30] : The overall (global) agreement is relatively good, with regions in SUSY parameter space where the absolute χ 2 is sufficiently small and an agreement at the 1σ level is obtained.
In our opinion it is too soon to conclude whether this anomaly is a sign of beyond the SM physics, is due to our lack of understanding of hadronic power corrections and/or non-perturbative charm effects, or is just a statistical fluctuation.
More recently, another small discrepancy was found. The ratio R K = BR(B + → K + µ + µ − )/BR(B + → K + e + e − ) in the low-q 2 region has been measured by LHCb showing a 2.6σ deviation from the SM prediction [220] . In contrast to the anomaly in the rare decay B → K * µ + µ − which is affected by unknown power corrections, the ratio R K is theoretically rather clean. This might be a sign for lepton non-universality.
A few recent studies [252, [256] [257] [258] [259] [260] address this discrepancy . Fig. 34 shows that a global fit to all observables considering separately new physics contributions to the electron and muon semileptonic Wilson coefficients C e 9,10 and C µ 9,10 (and the corresponding chirality flipped coefficients) favors the non-universal solutions. However, in a two-operator fit lepton-universality, δC µ 9 = δC e 9 , is disfavored by 2σ, while within the four-operator fit the agreement is improved [252] .
Inclusive B → Xs
Finally let us discuss some recent progress on the calculation of inclusive B → X s ( = e, µ) decays. These inclusive modes are controlled by perturbative QCD and are under much stronger theoretical control than the corresponding exclusive K and K * channels. In the rest of this section we follow the discussion presented in refs. [100] [101] [102] .
In a fully inclusive transition the only observable kinematical variables are the invariant mass and scattering angle of the dilepton pair (the latter is defined with respect to the incoming B direction in the dilepton center- of-mass frame). At leading order in electroweak interactions and to all orders in QCD the double differential rate can be written as
where H T and H L are related to the transverse and longitudinally polarized hadronic tensor. The differential width and the normalized forward-backward asymmetry are then:
dA FB dq 2 = 3 4
As for exclusive modes, it is necessary to cut the region around the two main charmonium resonances thus isolating two distinct regions at low-q 2 (further divided in the two bins [1, 3.5] GeV 2 and [3.5, 6] GeV 2 ) and high-q 2 (q 2 > 14.4 GeV 2 ). The region below 1 GeV 2 is mostly controlled by the almost real photon pole and is not very sensitive to the Wilson coefficients C 9 and C 10 . The effect of resonances is included using the Krüger-Sehgal method [261, 262] . Note that the effect of charmonium resonances on the various low-q 2 distributions is minimal (only the relatively well understood tail of the J/ψ is relevant) while at high-q 2 they are much more prominent (see also the discussion in ref. [263] ). More importantly, the breakdown of the OPE at high-q 2 results in very large 1/m 2 b and 1/m 3 b power corrections that, because of our poor knowledge of the involved hadronic matrix elements, is a dominant source of uncertainty. Because of this the uncertainty on the total high-q 2 branching ratio (about 30%) is much larger than the corresponding one at lowq 2 (about 6%). As suggested in ref. [264] , this problem can be ameliorated by normalizing the B → X s width to the B → X u ν width integrated over the same q range. The total uncertainty on this observable (referred as R(s 0 ) in ref. [102] ) is then reduced to about 11% (9% of which is due to the error on V ub and is therefore expected to be sizably reduced in the future). An important point, that has been first noted in ref. [100] is that impact of collinear photon emission (enhanced by the relatively large logarithm of the ratio m 2 /m 2 b ) from the final state leptons onto the differential double decay width. These effects vanish when integrated over the whole available q 2 phase space but not when one restricts the integration to various q 2 bins. As it was found in refs. [100] [101] [102] these QED corrections, while affecting the total integrated branching ratio at low-q 2 at the 5% level with respect to the NNLO QCD prediction, are extremely large when one considered the quantities H L and H T for which QED effects (for the electron channel) are -11% and +73%, respectively. In Fig. 35 we show the differential distributions for H T,L,A (and for the branching ratio H T + H L ) with (solid lines) and without (dashed lines) the inclusion of log-enhanced QED corrections. It is clear that the reason for the large effect on H T is due to a suppression of the this observable with respect to H L (this suppression is present already at tree-level and is not affected by QCD corrections) coupled with an accidental enhancement of QED effects (the relatively small positive shift on the branching ratio is obtained by a small negative contribution to H L coupled with a larger positive shift on H L ). This does not indicate a breakdown of the perturbative series because the large relative size of QED corrections is almost entirely due to the suppression of the tree-level plus QCD contribution, and not due to a large absolute value of the QED corrections.
Experimental measurements of these inclusive observables (either by summing over exclusive final states or by fully/partially reconstructing the recoiling B meson) can only be performed in the clean B-factories environments. Both BaBar [265, 266] and Belle [267] presented measurements of the rates at both low-and high-q 2 (Belle presented also a first measurement of the forward-backward asymmetry [268] ).
In Fig. 36 we present the bounds on the ratios R 9,10 = C 9,10 (µ 0 )/C SM 9,10 (µ 0 ) under the assumption of no new physics contributions to the magnetic and chromomagnetic dipole operators (similar analyses were done, e.g., in [269, 270] ). The contours are the 95% C.L. regions allowed by the BaBar and Belle experimental results; two sigma theoretical uncertainties are added linearly. We show the impact of the branching ratio measurement in the low-q 2 (red regions) and high-q 2 (green regions) and their overlap (black regions). The SM corresponds to the point [R 9 , R 10 ] = [1, 1] . The small yellow contour correspond to the Belle II estimated reach with 50 ab −1 of integrated luminosity, assuming that the observed central values coincide with our predictions. The region outside the dashed and dotted parabola shaped regions are allowed by the Belle measurement of the normalized forward-backward asymmetry in the two lowq 2 bins. The resulting picture is in overall agreement with the SM expectations at the 95% C.L.. We refer to ref. [102] for a more extensive phenomenological discussion. Finally, assuming that the anomalies in exclusive modes are indeed due to new physics in the semileptonic operators, one can extract allowed ranges for the inclusive branching ratios (low-and high-q 2 ) and forwardbackward asymmetries (in the two low-q 2 bins) and check whether the Belle II expected sensitivity to the inclusive modes will suffice to observe deviations from the SM predictions. The result of this study [253] is presented in Fig. 37 . The shaded areas are the regions compatible with a new physics interpretation of the B → (K, K * )
anomalies at various confidence levels, the black point is the best fit result and the error bands correspond to the expected Belle II total uncertainty. The red point and error bars indicate the SM predictions (under assumption of no new physics contributions). It is clear that the future measurement of the inclusive branching ratio and forward-backward asymmetry is able to detected the potential new physics contributions hinted at by the global fit.
